Soil chemical properties and organic matter composition of a subtropical Cambisol after charcoal fine residues incorporation by Leal, Otávio dos Anjos et al.
IMPACT OF NATURAL AND ANTHROPOGENIC PYROGENIC CARBON IN 1 
SOILS AND SEDIMENTS 2 
 3 
Soil chemical properties and organic matter composition of a subtropical Cambisol 4 
after charcoal fine residues incorporation 5 
 6 
Otávio dos Anjos Leal • Deborah Pinheiro Dick • Kátia Cylene Lombardi • 7 
Vanessa Gonçalves Maciel • José António González-Pérez • Heike Knicker 8 
 9 
O. A. Leal () • D. P. Dick • V. G. Maciel 10 
Universidade Federal do Rio Grande do Sul, Avda. Bento Gonçalves, 7712, 91540-000, 11 
Porto Alegre, Brazil 12 
 13 
 14 
K. C. Lombardi 15 
Universidade Estadual do Centro-Oeste, PR 153, Km 7, 84500-000, Irati, Brazil 16 
 17 
 18 
J. A. González-Pérez • H. Knicker 19 
 Instituto de Recursos Naturales y Agrobiología de Sevilla, IRNAS-CSIC, Avda. Reina 20 
Mercedes, 10, 41012 Seville, Spain 21 
 22 
() Corresponding author:  23 
Otávio dos Anjos Leal 24 
Tel: +55 51 33086852 25 
Fax: +55 51 33086852 26 
e-mail: oleal@ibest.com.br 27 
 28 
Postprint of: Journal of soils and sediments 15: 805- 815 (2015)
Abstract  29 
Purpose Brazil is the world's greatest charcoal producer with an annual production of 10 30 
million tons. However, about 15 % is lost as charcoal fines, which can be used as soil 31 
fertilizer and source of soil stable carbon (C). In this study we investigated the impact of 32 
charcoal fines application on soil chemical properties and organic matter (SOM) 33 
stability and composition.  34 
Materials and Methods Four doses (0 - control, 10, 20 and 40 Mg ha-1) of charcoal fines 35 
were incorporated to the soil at 10 cm. Soil samples were collected at four soil depths 36 
(0-5, 5-10, 10-20 and 20-30 cm) 20 months after charcoal incorporation. Soil chemical 37 
properties were determined and SOM composition was evaluated by infrared 38 
spectroscopy (FTIR), thermogravimetric analysis (TGA), scanning electron microscopy 39 
(SEM-EDX) and carbon stable isotopic analysis (δ13C IRMS). 40 
Results and discussion Soil chemical properties were affected mainly in the upper depth 41 
(0-5 cm) and only at the highest dose (40 Mg ha-1), which also increased the total C 42 
content in 37.7 % compared to the control. Probably, the observed effects solely on the 43 
surface are due the concentration of charcoal on the upper depth, despite its 44 
incorporation. The dose of 40 Mg ha-1 also increased the total C content at 10-20 cm 45 
depth compared to the control. Such result was assigned to the leaching of some finest 46 
charcoal particles. The SEM-EDX and SOM δ13C signature confirmed the presence of 47 
charcoal in both 0-5 cm and 10-20 cm soil depths. FTIR and TGA indicated an increase 48 
in SOM aromaticity and thermostability until 20 cm depth after charcoal incorporation. 49 
No effects were observed at the deepest soil depth (20-30 cm), suggesting that charcoal 50 
was not leached to this depth within 20 months. 51 
Conclusions The application of charcoal fines ameliorated the soil chemical properties. 52 
In general, the charcoal increased the SOM aromaticity and thermostability and changed 53 
the δ13C signature at 0-5 and 10-20 cm. Charcoal leaching from the 0-10 to the 10-20 54 
cm depth was observed, but further downward transport was not evidenced by our data. 55 
Charcoal fine residues show a potential to be used as an effective soil fertilizer, as well 56 
as a stable C source into the soil. 57 
 58 
Keywords Soil fertilizer • Carbon stable isotope ratio • Infrared spectroscopy • Organic 59 
matter thermostability • Scanning electron microscopy  60 
 61 
62 
1 Introduction 63 
Brazil is the world's greatest charcoal producer contributing with approximately 38.5 % 64 
of the global amount and supplying mainly the steel industry and the pig iron sector. 65 
The annual Brazilian production adds up to around 10 million tons of charcoal. 66 
However, 15 % of this production is lost as charcoal fines (Pennise et al. 2001; Maia 67 
2011) which are not suitable for the steel industry due to clogging of the gas flow, 68 
which reduces the efficiency of the blast furnaces (Angelo et al. 2014). 69 
 During the last decade there is a raising interest in the application of charcoal 70 
(biochar) aiming to improve the soil properties. In addition, the charcoal seems to have 71 
a potential to increase the soil carbon (C) sink on a long-term scale (Kuzyakov et al. 72 
2014). This charcoal characteristic is usually related to its high C content and 73 
aromaticity, which is believed to be associated to its inherent biochemical recalcitrance 74 
(Verheijen et al. 2012). This recalcitrance, in turn, is supposed to increase the slow-75 
cycling soil organic matter (SOM) pool. Besides the impact on the global C cycle, 76 
charcoal application can also improve soil structure and soil fertility (Novak et al. 2009; 77 
Knicker 2013). 78 
 Depending on pyrolysis conditions (temperature, time, source material and 79 
oxygen supply) the characteristics of the final pyrogenic C (PyC) can vary broadly 80 
(Steinbeiss et al. 2009; Cao and Harris, 2010; Keiluweit et al. 2010; Paz-Ferreiro et al. 81 
2014). And these, in turn, cause variations in their behavior into the soil and their effect 82 
on soil properties and SOM composition. Charcoal is usually assumed to be a highly 83 
condensed polyaromatic network. However, an alternative concept describes PyC as a 84 
heterogeneous mixture, composed mainly of partially degraded and heat altered 85 
biomacromolecules (Knicker et al. 2008). 86 
 Despite the long mean residence time commonly assumed for charcoal in soils, 87 
its contact with the soil components may promote chemical and biological changes in 88 
the original charcoal structure, and a functionalization of the charcoal may occur. This 89 
so called aging increases the amount of functional groups, mostly of carboxyl, leading 90 
to the increase of polar adsorption sites. In fact, this process can start very quickly after 91 
entering the soil (Hilscher and Knicker 2011). 92 
 Several studies with charcoal fines application to soils have been developped in 93 
Brazil. However, these studies usually focus on soil fertility, crop yield, impact on soil 94 
microorganisms, greenhouse gas emissions and charcoal functionalization (Zanetti et al. 95 
2003, Steiner et al. 2007, Angelo et al. 2014). Therefore, there is still scarce information 96 
about how SOM stability and quality are affected by charcoal application. This is in 97 
particular true with respect to charcoal fines, whose potential as soil fertilizer and as a 98 
relevant source of stable SOM pool still needs scientific support.  99 
 During aging of charcoal, larger pyrogenic condensed structures tend to be 100 
released into the soil, which can be leached along the soil profile (Abiven et al. 2011). 101 
The leaching of charcoal components has been verified by the increase of the SOM 102 
aromaticity degree, which may suggest that at least some pyrogenic structures can be 103 
transported to deeper soil depths (Dieckow et al. 2005, Knicker et al. 2006, 2012). 104 
 Thermal analysis and Fourier transform infrared spectroscopy (FTIR) have been 105 
used to evaluate the PyC characteristics and its contribution to the SOM composition in 106 
fire affected and charcoal/biochar amended soils (Leifeld 2007, De La Rosa et al. 2008, 107 
Dick et al. 2008a, Potes et al. 2012, Dai et al. 2013). In this way, these techniques could 108 
also be of value for assessing changes in the stability and composition of the SOM after 109 
the application of charcoal fines. Studying alterations of the SOM as function of soil 110 
depths allows monitoring of vertical charcoal movements. An additional tool to study 111 
such mobilization of charcoal in soils is the use of stable carbon isotope signature 112 
(δ13C), which provides representative data about the average isotopic signal of the entire 113 
sample. Thus, changes in the SOM 13C signature after charcoal incorporation can be 114 
traced based on the different 13C/12C isotope ratios of the natural SOM and of the 115 
charcoal (Muccio and Jackson 2009).  116 
 In order to obtain more insights on the impact of charcoal fines on soil fertility 117 
and on the SOM dynamics, we determined some soil chemical properties and the SOM 118 
composition by means of TGA, FTIR and δ13C analysis of the whole soil and of C 119 
physical pools of a subtropical Cambisol after 20 months of pyrogenic material 120 
incorporation.  121 
 122 
2 Materials and methods 123 
2.1 Site description, experimental design and soil sampling 124 
The experimental area is located in Irati, Center-South of Paraná State (PR), Brazil, at 125 
approximately 855 m above sea level. The climate is humid subtropical mesothermic - 126 
Cfb (Köppen, 1948), with frequent and severe frosts occurrence during winter. The 127 
annual mean temperature is 17.2 ºC, with an average rainfall of 193.97 mm month-1 and 128 
a relative humidity of 79.58 %. The study was carried out in the Campus Irati, at the 129 
State University of Centro-Oeste (25º 27' 56" S 50º 37' 51" W). The relief varies 130 
between undulated and strong undulated, and the soil is classified as a Haplic Cambisol 131 
(FAO 2006). The experimental area has an agricultural use history (Soybean - Glycine 132 
max, five years), but for the last three years, before the beginning of the experiment, the 133 
soil was under fallow. 134 
 The experiment was implemented in February 2010 when the area was manually 135 
and mechanically mowed. About 2.5 Mg ha-1 of dolomitic limestone (85% of relative 136 
power of total neutralization) was firstly applied on the soil surface and subsequently 137 
incorporated at 10 cm using a light disk harrow. 138 
 The charcoal was originated from the pyrolysis of hardwood native Brazilian 139 
species, mainly Mimosa Scabrella Bentham. The greatest part of the charcoal was used 140 
to supply the steel industry, whilst the fine residues of the charcoal, which are 141 
unsuitable for such purpose, were collected to be used in this experiment. About 45 % 142 
of the charcoal particles were smaller than 2 mm (Table 1). The pyrolysis was 143 
performed under not controlled and artisanal conditions, which may have contributed to 144 
its low fixed C and high volatile matter contents (Table 1). These data characterize this 145 
material as a low condensed charcoal, produced at low temperature. High values for 146 
volatile matter and low values for fixed C for biochars produced under controlled 147 
conditions were already observed for wood and grass feedstock pyrolyzed at low 148 
temperatures (300 to 400°C) (Zimmerman et al. 2011; Enders et al., 2012). 149 
The total content of the main nutrients from the charcoal (Table 1) was determined in a 150 
concentrated acid extract (12.5 % HNO3 and 37.5 % HCl, digested for 24 h at 200 ºC) 151 
by inductive coupled plasma (ICP). 152 
 Directly after soil liming, three different doses of charcoal fines, 10, 20 and 40 153 
Mg ha-1, were applied onto the soil surface and incorporated at 10 cm using a light disk 154 
harrow. In March 2010 seedlings of Eucalyptus benthamii were planted. 155 
 The study was performed in a randomized block design with four treatments, 156 
which were arranged in four blocks: T1 = 0 Mg ha-1 (without charcoal - control); T2 = 157 
10 Mg ha-1; T3 = 20 Mg ha-1 and T4 = 40 Mg ha-1. Each field replicate collected in each 158 
block was composed by three subsamples, which were sampled within a 144 m2 plot. 159 
 Soil sampling was performed in September 2012, 20 months after charcoal 160 
incorporation. Soil samples were collected at four soil depths: 0-5; 5-10; 10-20 and 20-161 
30 cm. Before analysis all samples were air dried and passed through a 2.00 mm sieve. 162 
 163 
2.2 Soil chemical and elemental analysis  164 
Soil chemical properties (Tedesco et al. 1995) and granulometric distribution (Embrapa, 165 
1997) were determined. Effective cation exchange capacity (ECEC) was calculated as 166 
the sum of the exchangeable cations (ECEC = K+Al+Ca+Mg). The average particle size 167 
distribution of T1 (control) (determined by the pipette method) was: 441 g kg-1 of sand, 168 
167  g kg-1 of silt and 392 g kg-1 of clay in the 0-5 cm soil depth; 492  g kg-1 of sand, 169 
170 g kg-1 of silt and 338 g kg-1 of clay in the 5-10 cm soil depth; 467 g kg-1 of sand, 170 
162 g kg-1 of silt and 371 g kg-1 of clay in the 10-20 cm soil depth and 437 g kg-1 of 171 
sand, 182 g kg-1 of silt and 381 g kg-1 of clay in the 20-30 cm soil depth. Total soil C 172 
(TC) and total nitrogen (N) (TN) contents were determined by dry combustion (975 °C) 173 
in an elemental analyzer (Perkin Elmer 2400). The C content was assigned exclusively 174 
to the SOM, as all soil samples were carbonate free. 175 
 176 
2.3 SOM fractionation  177 
The SOM granulometric fractionation was carried out according to Cambardella and 178 
Elliot (1992). Soil samples (20 g) were horizontally shaken (16 h) with 60 ml of sodium 179 
hexametaphosphate solution (5 g L-1). Subsequently, the suspension was passed through 180 
a 0.053 mm sieve. The fraction retained on the sieve corresponds to the particulate 181 
organic matter, while the fraction that passed through the sieve corresponds to the 182 
silt+clay size organic matter fraction. 183 
 The C and N contents of the particulate fraction (Cparticulate f.; Nparticulate f.) were 184 
determined by dry combustion (975 °C) (Perkin Elmer 2400), whereas the C and N 185 
contents of the silt+clay size fraction were calculated by difference: Csilt+clay f. = TC - 186 
Cparticulate f.; Nsilt+clay size f. = TN - Nparticulate f. 187 
 188 
2.4 Isotope ratio mass spectrometry (IRMS) - stable isotope signature δ13C 189 
Charcoal and soil samples (T1 and T4) were analyzed in quadruplicates with a Flash 190 
2000 HT (N, C, S, H and O) elemental analyzer (Thermo Scientific) in combustion 191 
mode and coupled to a Delta V Advantage IRMS (Thermo Scientific). Stable carbon 192 
isotopic ratios are reported as part per thousand (‰) deviation from that of Pee Dee 193 
Belemnite (PDB) which is the standard recognized by the international atomic energy 194 
agency (IAEA). 195 
 The proportion of the TC derived from the charcoal (Ftcharcoal) was calculated 196 
based on Bernoux et al. (1998) and considering that the original isotopic signature 197 
before charcoal application and Eucalyptus plantation was that of the 20-30 cm depth. 198 
Firstly, the proportion of the TC derived from Eucalyptus plants (Fteucalyptus) was 199 
estimated, accordingly to the equation 1: 200 
 Fteucalyptus = (δt1 - δA1)/(δB1 - δA1)                                                                                 (1) 201 
where,  202 
δt1 = soil δ13C signature after Eucalyptus cultivation (T1);  203 
δA1 = original soil δ13C signature before Eucalyptus cultivation (T1 20-30 cm);  204 
δB1 = Eucalyptus δ13C signature, assumed as  -27 ‰ (Schulze et al. 2006). 205 
 Thereafter, the proportion of the TC derived from charcoal+Eucalyptus, 206 
(Ftcharcoal+eucalyptus) was estimed as follows: 207 
Ftcharcoal + eucalyptus =  (δt2 - δA2)/(δB2 - δA2)                                                                      (2) 208 
where, 209 
 δt2 = soil δ13C signature after Eucalyptus cultivation and charcoal addition (T4);   210 
δA2 = original soil δ13C signature before Eucalyptus cultivation (T4 20-30 cm);  211 
δB2 = charcoal δ13C signature (-25.99 ‰).  212 
Finally, the solely charcoal contribution was estimated by the difference Ftcharcoal = 213 
Ftcharcoal+eucalyptus - Fteucalyptus. 214 
 215 
2.5 10 % HF solution treatment 216 
The soil samples were treated with 10 % hydrofluoric acid (HF) solution to concentrate 217 
the SOM (Gonçalves et al. 2003). Using a plastic container, soil samples (1 g) were 218 
treated with 10 ml of a 10 % (w/w) HF solution. After 2 h of mechanical agitation with 219 
subsequent centrifugation of the closed containers at 2000 g for 10 minutes, the 220 
supernatant was removed and discarded. This procedure was repeated eight times. The 221 
remaining sediment was washed five times with deionized water and dried at 50 ºC in a 222 
vacuum oven. 223 
 224 
2.6 Infrared spectroscopy, thermogravimetric analysis and scanning electron 225 
microscopy 226 
The HF treated soil samples were analyzed by fourier transform infrared spectroscopy 227 
(FTIR) and by thermogravimetric analysis (TGA). For the FTIR spectroscopy the 228 
samples were analyzed in KBr pellets (1.0 mg sample:100 mg KBr) (Shimadzu FTIR 229 
8300) using 32 scans and a resolution of 4.0 cm‑1 within the range of 4,000 to 400 cm‑1. 230 
The absorption band attributions were made according to Tan (2003) and the 231 
aromaticity index was calculated (IC=C/IC-H) (Chefetz et al. 1996), in which IC=C is the 232 
absorption intensity around 1,630 cm-1 and IC-H is the absorption intensity around 2,920 233 
cm-1. 234 
 The TGA analyses were carried out in duplicate in a thermo-gravimetric 235 
analyzer (TGA Q5000IR - TA instruments) using approximately 5 to 10 mg of HF 236 
treated sample. Firstly, the initial weight was stabilized at 40 ºC and thereafter a heating 237 
curve was obtained with a heating rate of 10 ºC min-1 up to 105 ºC (holding time of 10 238 
min), followed by a heating rate of 5 ºC min-1 up to 800 ºC. Six regions were identified 239 
in the thermo-decomposition curves, according to the samples decomposition behaviour 240 
along the heating. Such regions were separated as follows: 40-105 ºC; 105-240 ºC; 240-241 
340 ºC; 340-440 ºC; 440-520 ºC and 520-800 ºC. The thermogravimetric index (TGI) 242 
(adapted from Benites et al. 2005) was calculated as: TGI = mass loss (5ª+6ªregions) / mass 243 
loss(2ª+3ª+4ª regions). 244 
 In addition to the soil samples, pure charcoal samples (before the application to 245 
the soil) were also analyzed by FTIR and TGA. The charcoal presented different 246 
thermal decomposition behaviour compared to the soil samples and consequently 247 
different temperature intervals were used for the calculation of the TGI (TGI = mass 248 
loss (3ª+4ª regions) /mass loss (2ªregion)). 249 
 The particulate fraction, silt+clay size fraction and the charcoal were analyzed 250 
by scanning electron microscopy (SEM) (JSM 5800) with dispersive energy detector of 251 
X-ray (EDX). The samples were fixed on top of aluminum stubs with an aid of double-252 
sided tape and metalized with gold (Au). The micrographs were obtained with a voltage 253 
of 10 kV. 254 
 255 
2.7 Statistical analysis 256 
The treatments were compared at the same soil depth by Tukey test (p < 0.10) and by 257 
standard deviation. All statistical analyses were performed using the software Statistical 258 
Analysis System (SAS) 9.3. 259 
 260 
3 Results and discussion 261 
3.1 Effect of charcoal application on soil chemical properties 262 
The main effect of charcoal application on soil chemical properties was observed in the 263 
upper depth (0-5 cm) with the application of 40 Mg ha-1 of charcoal. This dose 264 
increased significantly the soil pH, available P, exchangeable K and Ca and the ECEC 265 
in comparison to the control (T1) (Table 2). Furthermore, the content of exchangeable 266 
Al at the 0-5 cm depth decreased in T4. The intermediate doses (10 and 20 Mg ha-1) did 267 
not differ from the control regarding the soil pH and the exchangeable cations content.  268 
 The pH increase in the upper depth from 4.85 (T1) to 5.20 (T4) can be explained 269 
by the charcoal pH itself, which showed an alkaline pH level, 7.59 (Table 1). Also the 270 
increase of available P from 6.38 mg dm-3 (T1) to 11.78 mg dm-3 (T4) in the same depth 271 
was probably caused both by the input of P to the soil via charcoal (Table 1) and by the 272 
raise of the soil pH. Concerning the latter factor, the previously strongly sorbed P on the 273 
mineral surfaces is desorbed from the inner sphere complexes due to the raise of the 274 
negative charge of variable charge sites, forming a more labile sorbed form (Wang et al. 275 
2013). Biederman and Harpole (2013) evaluated ecosystem responses to biochar 276 
application with a meta-analysis of 371 independent studies culled from 114 277 
publications and observed that despite the variability introduced by soil and climate, the 278 
addition of biochar to soil resulted, on average, in an increased of soil available P, 279 
which was related to P desorption. Furthermore, the observed decrease of 135 % in the 280 
exchangeable Al (from 1.85 to 0.65 cmolc dm-3) in T4 is also explained by the soil pH 281 
raise in T4. 282 
 The increase of exchangeable K and Ca contents at 0-5 cm depth in T4 can be 283 
attributed to the charcoal itself, whose ash usually contains a large amount of these 284 
elements (Table 1). The higher pH value observed in T4 compared to T1 (Table 2) 285 
promoted an increase of the amount of negative surface charges in this pH dependent 286 
charge soil, and consequently it increased the ECEC as well (Table 2). In Antrhosols 287 
from Brazil an increase of the ECEC due to PyC presence was also observed (Liang et 288 
al. 2006).   289 
 Increase in the soil pH, available P, exchangeable Ca and a decrease in the soil 290 
exchangeable Al were also found after the incorporation of 32 Mg ha-1 of charcoal in a 291 
Plinthosol (Petter et al. 2012) and in loamy sand soil of South Carolina, US (Novak et 292 
al. 2009). 293 
 Despite the charcoal incorporation at 10 cm depth, the effects on the chemical 294 
properties were observed mainly in the top 5 cm depth. A possible explanation is that 295 
the ploughing was not efficient enough for an uniform incorporation of the charcoal and 296 
a greater amount of it still remained close to the soil surface. 297 
 298 
3.2 Effect of charcoal application on C and N contents, SOM δ13C signature and 299 
aromaticity 300 
Compared to that of T1, TC of T4 increased 37.7% in the upper depth (0-5 cm) and  301 
22.9 % at the 10-20 cm depth. The TC contents of T2 and T3 did not differ from that 302 
determined for T1 (Table 3). The increase of TC content at 10-20 cm depth in T4 may 303 
be caused by the leaching of small charcoal particles (over 45 % of the particles of the 304 
charcoal applied were smaller than 2 mm) after strong rains. In this region the average 305 
monthly rainfall comprises 194 mm and is well distributed within the year. The 306 
accumulation of leached particles at the 10-20 cm depth might be explained in light due 307 
the soil particle size distribution: at the 5-10 cm depth the content of sand (492  g kg-1) 308 
is greater and that of clay (338 g kg-1) is smaller than those in the above (441 g kg-1 of 309 
sand, 392 g kg-1 of clay) and in the beneath (467 g kg-1 of sand, 371 g kg-1 of clay) 310 
depths. Therefore the leached particles tended to percolate through the 5-10 cm depth 311 
and to accumulate in the 10-20 cm. Our data are consistent with those from Petter et al. 312 
(2012) who also observed an increase of TC content at the 10-20 cm soil depth during 313 
the second year after charcoal fines incorporation at 10 cm. Such results were attributed 314 
due to the leaching of small charcoal particles (< 2 mm). 315 
 The partial oxidation of charcoal leading to the introduction of carboxylic groups 316 
on its surface during aging increases its hydrophilicity. Thus, it facilitates the 317 
translocation of pyrogenic compounds with the soil solution down to 20 cm. The 318 
transport of functionalized PyC along the soil profile by the soil solution was verified 319 
by Knicker et al. (2012) in Leptosols under grassland managed by biannual prescribed 320 
burning. 321 
 The highest C/N ratio observed at the 0-5 cm depth in T4 compared to T1 (Table 322 
3) is in line with the presence and contribution of charcoal to the greater TC content 323 
observed in T4 at this soil depth. Regarding the 10-20 cm depth, the C/N ratio in T4 324 
tended to be greater, but did not differ from that in T1. This behaviour is probably due 325 
to the fact that the N content did not change relevantly enough at this depth to affect the 326 
C/N ratio after charcoal incorporation. 327 
 TN content of all treatments varied between 1.78 and 3.30 g kg-1 and only a 328 
slight difference (0.30 g kg-1) between T4 and T3 at 10-20 cm depth was observed 329 
(Table 3).  330 
 The results obtained from the physical SOM fractionation allowed to distinguish 331 
the physical pool that was preferably affected by the charcoal application. In the upper 332 
soil depth (0-5 cm) in T4,  the Cparticulate f. increased significantly by 127, 55 and 76 % 333 
compared to T1, T2 and T3, respectively. Considering that T4 increased the Cparticulate f. 334 
content in 15.7 g kg-1 compared to T1, it follows that charcoal particles accumulated in 335 
this fraction and still remained in the topsoil after 20 months of its application. The 336 
increase of the C/N ratio of the particulate SOM from 22.5 (T1) to 39.7 (T4) (Table 3) 337 
supports this assumption. For the deeper depths, no difference concerning Cparticulate f. 338 
was observed in T4. 339 
 In contrast, at the 10-20 cm depth, the difference in C content between T1 and 340 
T4 was observed for the silt+caly fraction: Csilt+clay f. in T4 was 26 % greater than that 341 
found for T1 (Table 3). This result corroborates the assumption that small particles of 342 
charcoal were leached to this depth accumulating in the silt+clay size fraction. 343 
 The SEM-EDX image of the charcoal shows its characteristic morphology with 344 
internal pores and cracks which contribute to its high surface area and pore volume (Fig 345 
1a) as described by Dai et al. (2013). The SEM images and the high intensity of the C 346 
signal give a further evidence of the charcoal contribution to both Cparticulate f. (0-5 cm) 347 
and Csilt+clay f. (10-20 cm) in T4 (Fig 1b, 1c). This technique was previously used by 348 
Glaser (2000) to identify the PyC contribution to SOM fractions in an anthropogenic 349 
soil from the Brazilian Amazon region. Using the SEM-EDX technique, Laird et al. 350 
(2008) could observe the presence of PyC compounds associated to different clay 351 
fractions of agricultural soils. 352 
 The δ13C signature of the charcoal (-25.99 ‰) and that of the Eucalyptus plant (-353 
27 ‰) showed the relevant contribution of the 12C isotope. This is in line with the 354 
isotopic signature of plants that photosynthesise glucose via the C3 mechanisms 355 
(O'Leary, 1981). The δ13C determined for the SOM in T1 (control) increased from -356 
19.12 ‰ to -16.62 ‰ along the soil profile (Table 4). Considering that C4 plants show a 357 
less negative isotopic signature, it follows that in the topsoil there is an input derived 358 
from  C3 photosystem plants (Eucalyptus). The change of the signature with soil depth 359 
in T1 indicates further that formerly a vegetation was present, which was predominantly 360 
composed of C4 photosystem plants. According to the literature, the native vegetation in 361 
the experimental area was mainly composed by the local poaceae Brazilian satintail 362 
(Imperata brasiliensis) (Bauer et al. 2008). However, herein we have to bear in mind 363 
that liming (2.5 Mg ha-1) occurred and dolomite represents an extra source of the heavy 364 
13C isotope. Although, the carbonate will quickly be released and transformed at the low 365 
pH values of the soil, some of this C could be incorporated into newly growing biomass 366 
(Miltner et al. 2005). In T4, δ13C values increased from -23.42 ‰ to -16.41 ‰ along the 367 
soil profile and the values at the depths 0-5 cm and 10-20 cm in T4 were more negative 368 
than those in T1 (Table 4). This results corroborate the relevant contribution of the  369 
charcoal (δ13C of -25.99 ‰) to the SOM of these two depths. 370 
 Based on the soil isotopic signature of the T1 depths, and assuming that the 371 
value at the 20-30 cm depth was that from the original vegetation (before Eucalyptus 372 
plantation and charcoal application), the contribution of Eucalyptus plant to the SOM 373 
was estimated as ranging from around 25 to 8 % within 20 cm soil depth (Table 4). 374 
Assuming that the effect of Eucalyptus plant to the SOM was similar in T4 and T1, the 375 
contribution solely of charcoal was estimated. At the 0-5 cm depth the contribution of 376 
charcoal to the SOM was 49 % while in the 5-10 and 10-20 cm the contributions varied 377 
around 15 % (Table 4). The increase of TC content at the 0-5 cm depth observed for T4 378 
was around 38 %, and thus lower than the estimated charcoal contribution. This 379 
difference in the values may suggest that some of the endogenous SOM was 380 
preferentially mineralized leading to a relative enrichment of charcoal derived SOM. In 381 
the 10-20 cm the increase in TC was around 23 % and thus greater than the charcoal 382 
contribution. Possibly in this depth the increase of SOM occurred due to the increase of 383 
microbial products as shown by the Csilt+clay f. content (Table 3), which have a less 384 
negative δ13C value than the source. It is reported in the literature that during the 385 
microbial decomposition of C3 residues a selective enrichment of the heavy 13C isotope 386 
occurs (Henn and Chapela, 2000). The contribution of charcoal for the 5-10 cm depth 387 
was around 14 % and this value is coerent with the TC increase of 12 %.   388 
 For all treatments and depths the SOM FTIR spectra were quite similar and the 389 
same pattern that is exemplified in figure 2 was observed. The main identified 390 
absorption bands and their respective atributions were: a broad band at 3,405 cm-1 due 391 
to O-H stretching; two bands at 2,920 cm-1 and 2,850 cm-1 due the aliphatic C-H 392 
stretching; 1,730 cm-1 attributed to the C=O stretching of carboxylic groups; a band at 393 
1,630 cm-1 resulting from the C=C vibration of the aromatic groups; band at 1,382 cm-1 394 
due to alifatic C-H; band at 1,240 cm-1 due to C-O stretching and to OH deformation of 395 
carboxylic groups; a band of low intensity around 1,100 cm-1 due to C-OH stretching of 396 
carbohydrates; and a band at 1,034 cm-1 resulting from Si-O vibrations of inorganic 397 
material that was  not removed by HF treatment. The pattern of the charcoal spectrum 398 
was similar to those from SOM, but with less intense bands in the aliphatic  (2,920 cm-399 
1) and carboxylic (1,730 cm-1) regions. Concerning this last band, it shows that the 400 
applied charcoal contains charged group which confers a hydrophilyc character to the 401 
material, and that might explain its migration from the upper depth down to 20 cm 402 
depth. Furthermore, these carboxylic groups may had also contributed to increase the 403 
soil ECEC in T4, as discussed earlier. Lastly, our charcoal FTIR spectra confirms the 404 
assumption that the applied material showed a low condensation degree and is similar to 405 
that of a charcoal pyrolyzed at 300 °C which was recently presented by Dai et al. 406 
(2013). 407 
 The aromaticity index IC=C/IC-H ratio of the SOM from T1, T2 and T3 varied 408 
between 2.2 and 2.7 (Table 3). The values observed for T4 were around 3.0, which 409 
indicate the contribution of charcoal to the SOM composition. For the pure charcoal, the  410 
IC=C/IC-H index was 10.5 confirming the comparatively higher content of aromatic 411 
groups in comparison to that of the endogenous SOM (T1). 412 
 413 
3.3 Effect of charcoal application on SOM thermostability 414 
In general, the SOM of all treatments showed the same thermo-decomposition curve 415 
pattern (thermograms not shown) and six main temperature intervals where identified.  416 
 The weight loss for T < 105 ºC varied between 4.5 and 6.8 % (Table 5) 417 
corresponding to the loss of hygroscopic water from organic matter (Critter and Airoldi, 418 
2006). Three temperature intervals were identified within the range of 105 °C < T < 440 419 
°C, in which preferentially the decomposition of more thermolabile structures occurs, 420 
such as alkyl and O-alkyl structures, and phenolic and carboxylic groups (Critter and 421 
Airoldi 2006). From 105 to 240 °C the weight loss varied between 3.4 and 4.8 %; from 422 
240 to 340 °C the weight loss varied between 14.4 to 20.5 %, and from 340 to 440 °C 423 
the weight loss varied between 11 and 17 % (Table 5). In the fifth temperature interval 424 
(440-520 ºC) the mass loss corresponds to the decomposition of compounds with higher 425 
thermostability, such as aromatic structures (Potes et al. 2012). Here the weight loss 426 
ranged between 21 and 34 % (Table 5). The mass loss in the sixth temperature interval 427 
(520-800 ºC) was low, varying between 3.3 and 6.6 %, and corresponds to the 428 
decomposition of highly thermostable structures, even condensed aromatic structures 429 
(Critter and Airoldi 2006).  430 
 Despite the HF treatment of soil samples the residual mass for T > 800 ºC was 431 
substantially high and varied between 15 and 36 %. This result may be assigned to the 432 
presence of quartz, which is not dissolved by the HF treatment and due to neo-433 
precipitated minerals possible formed during the HF treatment (Dick et al. 2008b). 434 
 Four temperature intervals were identified in the thermo-decomposition curve of 435 
the charcoal and in contrast to the SOM samples the region between 105 °C and 350 °C 436 
comprised only one general thermodecomposition event (Table 5). In the third 437 
temperature interval (350-535 ºC) occurred the greater decomposition of the sample 438 
with 70.3 % of weight loss. Such data indicate the predominance of thermostable 439 
structures, like aromatic structures, confirming the data obtained with the IC=C/IC-H index 440 
(Table 3). 441 
 The TGI informs the proportion between the less thermolabile and more 442 
thermolabile structures and the larger the value the more thermostable is the analysed 443 
material. TGI varied from 0.75 to 1.07 for SOM, while the charcoal presented a higher 444 
TGI value of 7.0, as expected (Table 5). The greatest difference of the TGI values was 445 
observed between T1 and T4. At the depths 0-5, 5-10 and 10-20 cm, T4 showed values 446 
about 25, 16 and 14 % greater than those observed in T1, respectively, indicating an 447 
increase of thermostable structures after the incorporation of 40 Mg ha-1of charcoal. At 448 
the 20-30 cm depth no relevant difference of TGI was observed between T1 and T4. 449 
These results are in line with the results from δ13C, showing that contribution of charcoal 450 
to the SOM composition occurred only within 20 cm depth. 451 
 452 
 4 Conclusions 453 
The application of charcoal fine residues at a rate of 40 Mg ha-1 improved the soil 454 
fertility and the effect was apparent mainly in the upper soil depth. This application 455 
increased the SOM content and shifted its composition toward a higher aromaticity 456 
degree and thermostability. 457 
 However, in the 20 months time span of the experiment, the effects of charcoal 458 
fines incorporation on the SOM content and composition were also observed at the 10 - 459 
20 cm depth of the soil profile. This fact indicates that colloidal charcoal fragments can 460 
be efficiently transported through the soil profile, most tentatively by leaching. 461 
Transport below 20 cm is not evidenced by our data. Either the time span of the 462 
experiment was not long enough or the soil chemical and physcial parameters at that 463 
depth prevented further leaching. 464 
 Despite the limited time span of the experiment, the charcoal fines showed a 465 
great potential to be used as soil fertilizer and as a source of stable carbon into the soil. 466 
Therefore, it would be convenient to start further studies at longer-term scale to 467 
investigate the charcoal fines potential mainly as a source of stable carbon. 468 
 469 
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Table 1 Characteristics of the charcoal used in this study 612 
Properties  
pH (H2O) 7.59 
EC (µS cm-1)a 332 
C (%) 46.56 
N (%) 1.03 
C/N 45.2 
Fixed C (%) 7.62 
Ash (%) 8.22 
Volatile matter (%) 84.16 
Ca (g kg -1)b 21.2 
Mg (g kg-1)b 4.00 
K (g kg-1)b 5.20 
P (g kg-1)b 0.73 
S (g kg-1)b 0.53 
Particles size distribution 
Sieve Particles of charcoal retained 
mm % 
6.30 17.0 
4.00 13.5 
2.00 24.0 
0.212 42.0 
0.053 3.5 
a Electrical conductivity  613 
b Total content 614 
615 
Table 2 Soil pH (H2O), available P, exchangeable K, Ca, Mg and Al, potential acidity 616 
(Al+H) and effective cation exchange capacity (ECEC) along a Cambisol profile after 617 
different doses of charcoal application 618 
Soil depth Tretamentsa pH (H2O) P K Ca Mg Al Al+H ECEC 
cm   -----------mg dm-3--------- ----------------------------------c molc dm-3---------------------------------- 
0 - 5 
T1 4.85 b 6.38 b 278.25 b 6.25 b 3.7 a 1.85 a 19.98 a 12.50 b 
T2 5.05 ab 8.33 b 298.25 b 6.93 ab 4.15 a 1.50 ab 15.05 a 13.32 ab 
T3 5.05 ab 7.28 b 338.00 ab 7.20 ab 4.43 a 1.05 ab 13.98 a 13.53 ab 
T4 5.20 a 11.78 a 391.25 a 9.08 a 4.85 a 0.65 b 12.10 a 15.56 a 
5 - 10 
T1 4.70 a 5.45 a 201.25 a 4.18 a 2.43 a 3.65 a 26.55 a 10.76 a 
T2 4.80 a 5.50 a 206.00 a 4.50 a 2.80 a 2.70 a 21.30 a 10.52 a 
T3 4.80 a 5.95 a 269.25 a 6.05 a 3.70 a 1.95 a 19.60 a 12.37 a 
T4 4.75 a 5.53 a 278.00 a 4.83 a 2.63 a 2.98 a 25.75 a 11.14 a 
10 - 20 
T1 4.50 a 4.30 a 149.50 a 2.73 a 1.30 a 5.30 a 35.18 a 9.70 a 
T2 4.63 a 4.43 a 150.75 a 2.85 a 1.60 a 4.40 a 32.65 a 9.22 a 
T3 4.63 a 5.20 a 177.50 a 3.63 a 2.08 a 4.00 a 33.00 a 10.15 a 
T4 4.60 a 4.50 a 174.00 a 3.23 a 1.58 a 4.98 a 35.18 a 10.23 a 
20 - 30 
T1 4.43 a 2.95 a 128.50 a 2.05 a 1.00 a 6.33 a 35.83 a 9.70 a 
T2 4.55 a 3.85 a 136.25 a 1.83 a 1.13 a 6.10 a 35.83 a 9.40 a 
T3 4.53 a 3.50 a 134.75 a 2.38 a 1.43 a 5.58 a 36.23 a 9.72 a 
T4 4.50 a 3.30 a 120.25 a 2.78 a 1.40 a 5.33 a 37.03 a 9.81 a 
Means followed by the same letter do not differ between treatments at the same soil 619 
depth (Tukey test, p < 0.10)  620 
a T1 = 0 Mg ha-1 (control); T2 = 10 Mg ha-1; T3 = 20 Mg ha-1; T4 = 40 Mg ha-1  621 
622 
Table 3 Soil total carbon (TC), total nitrogen (TN), C and N contents in the particulate 623 
fraction (Cparticulate f., Nparticulate f.), C and N contents in the sil+clay size fraction (Csilt+clay 624 
f., Nsilt+clay f.), respective C/N ratios and aromatic index (IC=C/IC-H) along a Cambisol 625 
profile after different doses of charcoal application 626 
Soil  
depth 
Tretamentsa TC TN C/N Cparticulate f. Nparticulate f. C/N Csilt+caly f. Nsilt+clay f. C/N IC=C/IC-H 
cm  -----------g kg-1 ---------  -----------g kg-1 ---------  -----------g kg-1 ---------   
0 - 5 
T1 41.1 b 3.30 a 12.5 b 12.3 b 0.57 a 22.5 b 28.7 a 2.74 a 10.6 a 2.2 
T2 45.0 b 3.00 a 15.1 ab 18.0 b 0.57 a 31.4 ab 27.0 a 2.43 a 11.3 a 2.4 
T3 46.0 b 3.10 a 15.3 ab 15.9 b 0.47 a 33.4 ab 30.0 a 2.63 a 12.0 a 2.3 
T4 56.6 a 3.48 a 16.5 a 28.0 a 0.75 a 39.7 a 28.6 a 2.73 a 10.6 a 2.6 
5 - 10 
T1 36.2 a 2.43 a 17.2 a 7.9 a 0.42 a 18.7 a 28.2 a 2.47 a 11.5 a 2.2 
T2 36.9 a 2.45 a 16.0 a 11.7 a 0.52 a 21.5 a 25.2 a 1.93 a 14.3 a 2.3 
T3 38.6 a 2.75 a 14.1 a 11.6 a 0.44 a 26.4 a 27.0 a 2.31 a 11.7 a 2.3 
T4 40.8 a 2.78 a 14.8 a 13.6 a 0.49 a 27.4 a 27.2 a 2.28 a 11.8 a 2.7 
10 - 20 
T1 29.3 b 2.13 ab 14.2 a 7.0 a 0.45 a 15.8 a 22.2 b 1.67 a 14.6 a 2.3 
T2 30.8 ab 2.13 ab 15.9 a 6.0 a 0.44 a 13.3 a 24.8 ab 1.68 a 17.4 a 2.6 
T3 31.4 ab 2.05 b 17.8 a 8.2 a 0.46 a 19.2 a 23.2 ab 1.60 a 17.8 a 2.6 
T4 36.0 a 2.35 a 16.2 a 8.0 a 0.51 a 15.5 a 28.0 a 1.84 a 16.4 a 2.6 
20 - 30 
T1 24.8 a 1.93 a 12.9 a 4.5 a 0.33 a 13.6 a 20.2 a 1.60 a 12.7 a 3.0 
T2 28.3 a 1.97 a 14.8 a 6.6 a 0.45 a 14.8 a 21.7 a 1.52 a 14.5 a 3.0 
T3 23.7 a 1.78 a 13.8 a 5.5 a 0.44 a 12.4 a 18.2 a 1.34 a 14.1 a 3.1 
T4 28.8 a 1.95 a 16.6 a 5.9 a 0.38 a 16.1 a 23.0 a 1.57 a 16.4 a 3.0 
Means followed by the same letter do not differ between treatments at the same soil 627 
depth (Tukey test, p < 0.10)  628 
a T1 = 0 Mg ha-1 (control); T2 = 10 Mg ha-1; T3 = 20 Mg ha-1; T4 = 40 Mg ha-1  629 
 630 
 631 
632 
Table 4 Total soil carbon δ13C signature and contribution of the Eucalyptus and of the charcoal 633 
to the total soil carbon content along a Cambisol profile after 40 Mg ha-1 of charcoal application 634 
Treatmentsa Soil depth δ13C Fteucalyptusc Ftcharcoale 
 cm ‰ % % 
T1 0 - 5 -19.12 + 0.27 24.09 - 
T1 5 - 10 -19.28 + 0.70 25.64 - 
T1 10 - 20 -17.50 + 0.32 8.48 - 
T1 20 - 30 -16.62 + 0.18 0.00 - 
   Ftcharcoal+eucalyptusd  
   %  
T4 0 - 5 -23.42 + 0.30 73.16 49.08 
T4 5 - 10 -20.21 + 0.27 39.67 14.03 
T4 10 - 20 -18.68 + 0.38 23.76 15.28 
T4 20 - 30 -16.41 + 0.96 0.00 0.00 
Charcoal  -25.99 + 0.36 - - 
Eucalyptus  -27.00b - - 
a T1 = 0 Mg ha-1 (control); T4 = 40 Mg ha-1  635 
b Schulze et al. (2006) 636 
c  Proportion of the total carbon derived from Eucalyptus plants 637 
d Proportion of the total carbon derived from charcoal + Eucalyptus plants 638 
e Proportion of the total carbon derived from charcoal 639 
 640 
 641 
 642 
 643 
 644 
 645 
Table 5 Mass loss in different temperature intervals, mass residue for T > 800 ºC and 646 
thermogravimetric index (TGI) of the pure charcoal and of the SOM along a Cambisol 647 
profile after different doses of charcoal application 648 
  Temperature interval (ºC) Mass  
residue 
TGIb 
Soil depth Treatmentsa 40 - 105 105-240 240 - 340 340 - 440 440 - 520 520 - 800 
cm  Mass loss (%) %  
0 - 5 
T1 5.2 + 2.8 4.8 + 0.2 20.5 + 1.0 15.3 + 1.4 25.3 + 1.0 5.3 + 0.5 23.6 + 2.0 0.75 
T2 5.8 + 3.2 4.8 + 0.7 20.4 + 1.2 13.7 + 0.4 25.5 + 2.4 6.6 + 0.0 23.2 + 0.9 0.82 
T3 6.3 + 2.4 4.1 + 0.6 21.4 + 1.1 15.7 + 0.9 25.7 + 2.1 5.1 + 0.2 21.8 + 1.0 0.75 
T4 6.4 + 3.1 4.7 + 0.6 19.3 + 0.5 14.4 + 0.0 32.6 + 0.3 5.7 + 0.0 16.9 + 2.7 1.00 
5 - 10 
T1 4.5 + 0.5 4.5 + 0.4 18.0 + 0.3 14.0 + 0.3 28.2 + 0.5 4.5 + 0.8 26.3 + 1.7 0.90 
T2 6.2 + 6.3 4.3 + 0.1 20.4 + 0.8 13.7 + 0.6 28.7 + 0.7 4.3 + 0.5 22.3 + 4.8 0.86 
T3 6.6 + 2.7 4.0 + 0.6 20.3 + 0.5 15.3 + 0.6 30.9 + 2.4 5.8 + 1.3 17.1 + 8.0 0.93 
T4 5.4 + 1.8 4.3 + 0.8 17.3 + 1.1 13.4 + 1.2 33.4 + 2.4 4.1 + 0.6 22.0 + 0.9 1.07 
10 - 20 
T1 5.9 + 2.2 3.4 + 0.2 19.1 + 1.3 12.7 + 0.3 25.0 + 1.7 4.4 + 0.3 29.5 + 5.1 0.84 
T2 5.3 + 2.2 4.5 + 0.0 20.7 + 0.9 12.7 + 0.3 28.4 + 2.2 5.9 + 0.3 22.5 + 5.2 0.90 
T3 6.8 + 0.5 4.4 + 0.8 18.0 + 3.2 16.6 + 0.1 33.3 + 2.7 5.1 + 1.3 15.7 + 7.1 0.99 
T4 4.9 + 4.0 4.2 + 0.3 14.4 + 1.1 16.4 + 2.5 31.0 + 3.0 3.3 + 0.2 25.7 + 1.0 0.98 
20 - 30 
T1 5.6 + 2.5 3.4 + 0.7 15.8 + 0.8 12.4 + 0.3 26.0 + 1.5 4.2 + 1.6 32.6 + 2.8 0.96 
T2 5.3 + 2.7 3.6 + 0.3 17.6 + 1.6 11.1 + 0.7 21.9 + 1.0 4.4 + 0.3 36.1 + 0.4 0.81 
T3 6.0 + 3.8 3.7 + 0.4 16.3 + 0.6 12.5 + 0.1 22.4 + 1.0 5.0 + 0.1 34.3 + 3.9 0.84 
T4 5.6 + 3.5 3.5 + 0.2 14.7 + 1.8 15.1 + 4.4 26.4 + 0.7 4.6 + 1.4 30.2 + 0.0 0.93 
  Temperature Interval (ºC) Mass  
residue 
TGIc 
  40 - 105 105 - 350 350 - 535 535 - 800 
  Mass loss (%) %  
- Charcoal 4.1 + 1.1  10.6 + 0.7 70.3 + 0.6 3.9 + 0.3 11.2 + 0.8 7.0 
a T1 = 0 Mg ha-1 (control); T2 = 10 Mg ha-1; T3 = 20 Mg ha-1; T4 = 40 Mg ha-1  649 
b TGI = mass loss (5ª+6ªregions) / mass loss(2ª+3ª+4ª regions)  650 
c TGI = mass loss (3ª+4ª regions) /mass loss (2ªregion) 651 
652 
Figure captions 653 
 654 
Fig. 1 Scanning electron microscopy of the pure charcoal (a) and of the particulate (b) 655 
(0-5 cm) and sil+clay size (c) (10-20 cm) fractions of SOM in treatment T4 (40 Mg ha-656 
1). The charcoal fragments (arrows in the Fig. 1b and c) could be identified by energy 657 
dispersive X-ray spectroscopy, with a dominant C peak 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 
 667 
Fig. 2 FTIR spectra of the SOM along a Cambisol profile after 40 Mg ha-1 of charcoal 668 
application. Spectra of T1 (a) and spectra of charcoal and treatment T4 (b) . T1 = 0 Mg 669 
ha-1 (control); T4 = 40 Mg ha-1  670 
 671 
 672 
